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vated	 sunflower	 into	 invasive	 wild	Helianthus,	 we	 used	 genotyping-by-sequencing	
(GBS)	to	genotype	182	samples	from	11	sites	in	Argentina,	along	with	previously	pub-
lished	data	 from	 samples	 from	 the	native	 range	 (North	America),	 to	 determine	 the	
native	source	populations	of	 the	Argentinian	samples	and	 to	detect	admixture.	We	
unexpectedly	discovered	two	distinctive	forms	of	H. petiolaris	in	Argentina,	one	from	
H. petiolaris	 subsp.	 petiolaris	 as	 expected,	 but	 the	 other	 from	 an	 unknown	 source.	
Extensive	admixture	was	observed	among	Argentinian	sunflowers,	largely	confirming	
phenotypic	 predictions.	While	many	hybrids	 are	F1s,	 there	were	 signals	 consistent	
with	 introgression	from	the	domesticated	sunflower	 into	H. petiolaris.	Whether	 this	
introgression	 is	 incidental	 or	 a	 causal	 driver	 of	 invasiveness	 is	 not	 yet	 clear,	 but	 it	
seems	likely	that	genes	found	in	the	domesticated	sunflower	genome	(whether	engi-
neered	or	not)	will	quickly	find	their	way	into	wild	Argentinian	sunflower	populations.
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1  | INTRODUCTION
A	 recent	 special	 issue	 in	 this	 journal	 (Ellstrand	 &	 Rieseberg,	 2016)	
highlighted	 the	potentially	 important	 applied	 consequences	of	 gene	









sunflower,	Helianthus annuus	 L.	 var	macrocarpus	 (DC.),	 its	wild	 pro-
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heightening	 the	 risk	of	GMO	escape.	Whether	domestic	 alleles	 can	
introgress	into	both	weedy	species	or	just	the	wild	progenitor,	H. an-
nuus,	has	 important	 implications	 in	how	crop-	wild	gene	 flow	should	
be	managed.
Sunflower	 is	 one	 of	 the	 world’s	 most	 important	 oilseed	 crops	




ecological	 considerations	 (Cantamutto	 &	 Poverene,	 2007,	 2010).	
From	an	economic	 standpoint,	 the	main	worry	was	 that	 the	 release	
of	 GM	 sunflower	 cultivars	would	 harm	 the	marketing	 of	 sunflower	
oil	 (Cantamutto	 &	 Poverene,	 2007),	 whereas	 ecological	 concerns	
stemmed	from	the	possibility	that	transgenes	would	spread	into	com-
patible	wild	and	weedy	sunflower	species	(Snow	et	al.,	2003).
While	 industry	 largely	 discontinued	 its	 sunflower	 transforma-
tion	 programs	 in	 the	 late	 1990s	 or	 early	 2000s,	 interest	 has	 been	
re-	awakened	 due	 to	 the	 development	 of	 facile	 genome	 editing	 ap-
proaches,	 such	as	CRISPR/Cas9	 (Deltcheva	et	al.,	 2011;	Jinek	et	al.,	
2012).	 These	 new	 approaches	 are	 much	 more	 precise	 than	 classic	
transgenic	 methods	 and	 do	 not	 require	 the	 introduction	 of	 foreign	
genetic	material	 (or	such	material	can	be	removed	prior	to	commer-
cialization).	As	a	consequence,	regulatory	hurdles	are	likely	to	be	lower	
and	 public	 reaction	 less	 hostile	 (National	 Research	 Council	 of	 the	
National	Academies,	2016),	rekindling	interest	in	crop-	wild	gene	flow	
and	its	consequences	in	sunflower	and	other	crops.
Helianthus annuus and H. petiolaris,	 the	 species	 targeted	 in	 this	
study,	are	native	 to	 the	great	plains	of	North	America,	as	well	as	 to	
parts	of	 the	southwestern	USA.	However,	 in	 recent	years,	 a	 ruderal	
form	of	H. annuus	has	been	reported	in	several	other	countries,	includ-






















curs	 predominantly	 in	 sandy	 soils,	 while	H. annuus	 prefers	 heavier,	
loamy	 soils	 (Cantamutto,	 Poverene,	 &	 Peinemann,	 2008;	 Heiser,	
1947).	Although	distinct,	these	two	kinds	of	soil	types	often	co-	occur	
in	agricultural	ecosystems	(Cantamutto,	Torres,	et	al.,	2010).	As	a	con-
sequence,	 the	 two	species	are	 frequently	 found	 in	sympatry,	with	a	
patchy	distribution,	usually	on	the	roadsides	of	disturbed	agroecosys-
tems,	and	often	in	contact	with	cultivated	sunflower	(Poverene	et	al.,	
2008).	Over	the	years,	off-	type	 individuals	 that	exhibit	 intermediate	
morphological	 traits	 between	 the	 two	 species—and	 might	 be	 the	
product	 of	 hybridization—have	 been	 reported	 at	 these	 sites	 (Ureta,	
Cantamutto,	Carrera,	Delucchi,	&	Poverene,	2008).
In	North	America,	 hybrid	 zones	 between	H. annuus and H. peti-
olaris	 are	 frequently	 reported	 in	 disturbed	 environments	 in	 central	











López,	 1970;	 Ferreira,	 1980).	 Hybridization	 between	 the	 domestic	




annuus and H. petiolaris	can	be	readily	produced	by	artificial	crosses,	
but	 are	 highly	 sterile	 suggesting	 that	 even	 the	 presence	 of	 hybrids	
does	not	necessarily	indicate	effective	gene	flow	(Ungerer,	Baird,	Pan,	
&	 Rieseberg,	 1998).	 In	 the	 invaded	 environments,	 first-	generation	
hybrids	 between	 domestic	 sunflower	 and	H. petiolaris	 are	 frequent;	
however,	they	are	partially	sterile	and	it	is	unknown	if	effective	intro-
gression	occurs	(Gutierrez	et	al.,	2010;	Ureta	et	al.,	2008).
In	 light	 of	 extensive	 and	well-	documented	 hybridization	 and	 in-
trogression	between	Helianthus	species	in	North	America,	and	pheno-
typic	reports	suggestive	of	hybridization	in	Argentina,	we	employed	a	




gressing	 into	wild	Argentinian	 populations?	Our	 results	 suggest	 that	
crop-	wild	gene	flow	is	ongoing	and	highlight	the	future	risk	that	edited	
sunflower	genes	will	escape	from	farmer’s	field.
2  | MATERIALS AND METHODS
2.1 | Study sites and Sample collection
Five	 areas	 in	 Argentina	 where	 off-	type	 Helianthus individuals are 
frequently	observed	were	surveyed	 (Table	1):	Catriló	 (CAT),	Colonia	
Barón	 (BAR)	 and	 Winifreda	 (WIN),	 in	 La	 Pampa	 province;	 Carhué	






from	100	m	to	more	than	1	km	 long.	 In	 three	sites	 (BAR,	CHU,	and	








Tissue	samples	from	H. annuus and H. petiolaris	biotypes	from	pre-
viously	 surveyed	 populations	 that	 show	 no	 phenotypic	 evidence	 of	
admixture	were	also	genotyped.	Additionally,	we	genotyped	a	single	
hand-	crossed	F1	individual	whose	parents	were	a	male-	sterile	domes-
tic	H. annuus and a wild H. petiolaris	(Table	1).
2.2 | DNA extraction, library preparation, and  
sequencing





(2016).	 Each	 library	was	 sequenced	 on	 a	 single	 lane	 of	 the	 Illumina	




previously	 described	 RNAseq	 samples	 from	North	 American	 native	
wild	and	domesticated	Helianthus annuus	(Renaut	&	Rieseberg,	2015)	
to	aid	with	analyses	of	introgression	involving	the	domesticated	sun-
flower.	Also,	GBS	samples	of	H. maximiliani,	H. petiolaris,	H. debilis,	H. 




The	 new	GBS	 reads	were	 demultiplexed	 using	 an	 in-	house	 Perl	









(version:	 1.114)	 (http://broadinstitute.github.io/picard).	 Genotyping	
was	 performed	 using	 the	 “HaplotypeCaller”	 and	 “GenotypeGVCFs”	
commands	 in	GATK	 (version:	 3.3)	 (Van	 der	Auwera	 et	al.,	 2002)	 to-
gether	 in	 series.	 All	 scripts	 used	 can	 be	 found	 on	 Github	 (https://
github.com/owensgl/argentina_helianthus),	and	all	raw	demultiplexed	









Collections	 in	 Argentina	 included	 samples	 identified	 as	 H. annuus 
(ANN),	 H. petiolaris	 (PET),	 and	 intermediate	 plants	 (OT).	 To	 con-
firm	 sample	 identification	 and	 classify	 intermediate	 plants,	 we	 ran	
TABLE  1 Sampled	populations,	geographic	origin,	and	putative	biotypes	present
Population Biotype Nearby locality Code Latitude Longitude Samples Sympatry Crop presence
Helianthus annuus1 ANN Diamante DIA −32.0603 −60.6453 5 No No
H. annuus1 ANN Río	Cuarto RCU −33.1603 −64.3358 5 No No
H. petiolaris1 PET Hilario	Lagos HIL −34.9489 −63.9283 2 No No
H. petiolaris1 PET Saliquelló SAL −36.8097 −62.9917 2 No Yes
H. petiolaris1 PET Unión UNI −35.1353 −65.9369 2 No Yes
H. petiolaris1 PET Santa	Rosa SAN −36.31 −64.2836 2 No No
Both PET,	ANN,	OT Winifreda WIN −36.1753 −64.2053 12,	10,	1 Yes Yes
Both PET,	ANN,	OT Carhué CHU −37.2414 −62.8131 16,	17,	12 Yes Yes
Both PET,	ANN,	OT Colonia	Barón BAR −36.0044 −63.8297 14,	16,	18 Yes Yes
H. petiolaris PET,	ANN,	OT Catriló CAT −36.435 −63.4369 15,	11,	4 No Yes
H. petiolaris PET,	OT Trenque	Lauquen CZ −35.8222 −62.7669 9,	9 No Yes
1Collected	and	described	in	Poverene	et	al.	(2008).
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a	 structure	 analysis	 using	 NGSadmix	 and	 fastSTRUCTURE	 (Raj,	
Stephens,	 &	 Pritchard,	 2014;	 Skotte,	 Korneliussen,	 &	 Albrechtsen,	
2013).	Both	programs	identify	admixture	proportions	but	NGSadmix	
uses	 genotype	 likelihoods,	 whereas	 fastSTRUCTURE	 uses	 SNP	












domestic	H. annuus and H. petiolaris.	This	sample	was	used	as	a	control.
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linkage	 (LD	<	0.2)	using	the	function	snpgdsLDpruning.	We	also	tried	
more	 (LD	<	0.05)	 and	 less	 (LD	<	0.4)	 stringent	 linkage	 filtering	 and	
found	the	overall	pattern	unchanged.	Bimodal	genetic	structure	in	H. 
petiolaris	may	be	due	to	presence	of	both	subspecies	of	H. petiolaris in 
Argentina	or	represents	the	presence	of	genetic	ancestry	from	a	third	
Helianthus	 species.	 To	 test	 this	 hypothesis,	 we	 included	 sequenced	
samples	from	all	species	within	the	petiolaris	clade	of	Helianthus: H. 
petiolaris	 ssp.	petiolaris,	H. petiolaris	 ssp.	 fallax,	H. debilis,	H. praecox, 
and H. niveus.	We	reran	the	principal	component	analysis	with	each	
new	 taxon	 to	 see	whether	 it	 clustered	with	 one	 of	 the	Argentinian	
H. petiolaris	groups.	To	further	visualize	the	genetic	relationships,	we	
ran	 SplitsTree4	 to	 create	 a	 phylogenetic	 network	 of	 all	 Argentinian	
and	North	American	Helianthus	 samples.	 Lastly,	we	 calculated	Weir	













using	 the	 multipop	 abbababa2	 function	 in	 ANGSD	 (Korneliussen,	
Albrechtsen,	&	Nielsen,	2014;	Patterson	et	al.,	2012).	This	test	uses	a	
four-	member	phylogeny	and	asks	whether	derived	alleles	are	shared	






H. annuus.	Secondly,	we	asked	whether	native	wild	H. annuus or do-
mestic	H. annuus	was	 closer	 to	Argentinian	H. petiolaris	 (Figure	 5b).	
This	will	show	whether	domestic	H. annuus	alleles	have	introgressed	
into	Argentinian	H. petiolaris.	 As	 a	 reference,	we	 also	 tested	 North	
American	H. petiolaris	samples	for	introgression	in	the	same	scenario.	
We	included	samples	of	H. maximiliani,	a	diploid	perennial	sunflower	to	
act	as	an	outgroup	to	both	H. annuus and H. petiolaris.
3  | RESULTS
Analyses	included	64	individuals	that	were	morphologically	identified	








Structure	 analyses	 performed	with	 NGSadmix	 and	 fastSTRUC-
TURE	delivered	consistent	results	(Figure	1a).	FastStructure	selected	
two	as	the	best	K	value,	while	NGSadmix	does	not	pick	an	optimal	
value.	We	 focus	 on	 K	=	2	 and	 K	=	3	 because	 they	 best	 show	 the	
major	 structure	 of	 the	 populations.	When	 run	 at	K	=	2,	NGSadmix	
showed	 a	 correspondence	 between	 the	 genomic	 composition	 of	
the	 samples	 and	 their	 a	 priori	 classification,	 based	on	morphologi-





plants	 from	CAT	 possessed	 a	 hybrid	 genomic	 composition;	 in	 that	
location,	we	found	no	pure	wild	H. annuus	samples.	In	all	populations	






Lauquen,	Carhué,	and	Unión	 (red	 in	Figure	1),	and	the	other	one	 in-
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As	 hybrid	 zones	 typically	 exhibit	 a	 continuum	of	 hybrid	 classes,	
individuals	were	 classified	by	estimates	of	both	 ancestry	 (S)	 and	 in-
terclass	heterozygosity	 (H)	according	 to	Fitzpatrick	 (2012)	using	 the	
R	package	Hlest.	This	analysis	(Figure	2)	found	that	most	morpholog-
ically	 intermediate	 individuals	had	an	 interspecific	heterozygosity	of	
approximately	0.65,	 lower	than	the	expected	value	for	F1s	 (1.0)	but	





populations	 and/or	 because	 of	 reduced	 power	 to	 detect	 heterozy-
gotes	with	GBS	data.
Results	 from	 the	PCA	of	Argentinian	 populations	 confirmed	 the	
NGSadmix	results.	The	first	component	(14.91%	variation	explained)	
differentiated	H. annuus	from	H. petiolaris	and	placed	morphologically	
















is,	 itself,	 of	 uncertain	 origin	 (Figure	4).	 This	 sample,	 labeled	 GB180	
from	accession	PI	468788,	was	 collected	 in	 central	California,	USA,	
and	is	classified	as	H. niveus subsp, canescens	but	is	genetically	closer	
to	H. petiolaris	(Baute	et	al.,	2016).	We	found	moderate	genetic	diver-
gence	between	the	two	H. petiolaris	subgroups	(FST	=	0.198),	slightly	
higher	than	the	divergence	between	H. petiolaris subsp. petiolaris and 




area.	Considering	 the	overlap	of	most	of	 the	Argentinian	Helianthus 
populations	with	the	production	area	of	cultivated	sunflower,	we	es-
timated	Patterson’s	D-	statistic	to	determine	whether	domestic	H. an-
nuus	 is	 introgressing	 alleles	 into	Argentinian	Helianthus	 (Table	2	 and	
Table	S4).	 In	 the	 first	 test,	we	found	a	consistent	significantly	nega-
tive	 signal	 for	 all	 populations,	 suggesting	 greater	 sharing	 of	 derived	
alleles	between	domestic	H. annuus	and	wild	North	American	H. an-








include	a)	H. petiolaris fallax and H. petiolaris 
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correcting	 for	multiple	 testing.	 Importantly,	North	American	H. peti-




4.1 | Origins and admixture of wild sunflowers in 
Argentina









We	 identify	 hybrids	 between	H. annuus and H. petiolaris,	 but	 is	
there	 effective	 gene	 flow	 between	 the	 species?	 Previous	work	 has	
shown	that	strong	prezygotic	barriers	to	gene	flow	between	H. annuus 



















as	two	H. petiolaris	subspecies	(subsp. petiolaris and subsp. fallax),	sup-
porting	an	older	origin	of	 the	clades.	Convergent	 local	adaptation	 is	








known	 form	of	H. petiolaris.	 Based	on	 a	 single	 poorly	 identified	 ac-
cession,	 this	 introduction	 may	 have	 occurred	 from	 a	 western	 USA	
population	 of	H. petiolaris,	 but	 as	 our	 dataset	 does	 not	 contain	 any	
other	western	USA	H. petiolaris,	we	 cannot	 confirm	 this	 hypothesis	
(Figure	4).	Future	studies	using	wider	samplings	of	native	H. petiolaris 
will	be	able	to	better	identify	the	source	of	the	second	introduction.
Popular	 structure	 analysis	 methods	 usually	 focus	 on	 revealing	
the	degree	of	admixture	present	 in	populations	 (Falush,	Stephens,	&	



















4.2 | Hybridization with the cultivated sunflower
Wild	Helianthus	species	and	cultivated	sunflower	overlap	 in	flowering	
period	and	share	the	same	pollinators,	which	results	in	gene	flow	among	
them	 in	North	America	 (Arias	&	Rieseberg,	 1994;	 Burke,	Gardner,	&	
Rieseberg,	2002;	Linder,	Taha,	Seiler,	Snow,	&	Rieseberg,	1998;	Snow,	
Moran-	Palma,	 Rieseberg,	Wszelaki,	 &	 Seiler,	 1998)	 and	 in	 Argentina	





Tested Species D p- value Bonferroni p- value H1 H2 H3 H4
Helianthus annuus −0.766702 0 0 Domestic	H. 
annuus
BAR Wild	NA	H.	annuus H. maximiliani
H. annuus −0.770567 0 0 Domestic	H. 
annuus
CHU Wild	NA	H.	annuus H. maximiliani
H. annuus −0.747214 0 0 Domestic	H. 
annuus
DIA Wild	NA	H.	annuus H. maximiliani
H. annuus −0.744409 0 0 Domestic	H. 
annuus
RCU Wild	NA	H.	annuus H. maximiliani
H. annuus −0.752907 0 0 Domestic	H. 
annuus
WIN Wild	NA	H.	annuus H. maximiliani









BAR	H. petiolaris H. maximiliani









CAT	H. petiolaris H. maximiliani









CHU	H. petiolaris H. maximiliani









CZ	H. petiolaris H. maximiliani




HIL	H. petiolaris H. maximiliani




SAL	H. petiolaris H. maximiliani




SAN	H. petiolaris H. maximiliani




UNI	H. petiolaris H. maximiliani









WIN	H. petiolaris H. maximiliani
















our	case,	strong	introgression	between	North	American	H. annuus and 
domestic	H. annuus	 could	override	 a	 lesser	 amount	of	 introgression	
between	Argentinian	H. annuus	and	domestic	sunflower	(Burke	et	al.,	
























H. petiolaris.	All	 together,	our	 results	are	consistent	with	some	gene	
flow	from	domestic	H. annuus	into	H. petiolaris.
















to	 be	 successful	 introgression	 into	 the	 more	 abundant	 species,	


























appears	 to	 be	 associated	with	 the	 evolution	 of	 weedy	 sunflowers	
away	 from	 its	 center	 of	 origin	 (Casquero,	 Presotto,	 &	 Cantamutto,	
2013;	 Lai	 et	al.,	 2012;	Muller	 et	al.,	 2011).	Thus,	 an	 important	 un-
answered	 question	 is	 whether	 the	 hybridization	 reported	 here	 for	















All	 sequence	 data	 are	 archived	 in	 the	 Sequence	 Read	 Archive:	
BioProject	PRJNA359995.
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